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Abstract: Clay minerals have been detected on Mars to outcrop mainly as alteration of ancient bedrock,
and secondarily, as deposition from aqueous environments or interlayered with evaporitic deposits
on Mars. In order to better constrain the alteration environments, we focused on the process to form
clays from volcanic rocks and experimentally reproduced it at different temperature and pH. A fresh,
holocrystalline alkali-basalt sample collected in the Mount Etna volcanic sequence has been used as
analogue of the Martian unaltered bedrock. Previous works considered only volcanic glass or single
mineral, but this may not reflect the full environmental conditions. Instead, we altered the bulk rock
and analyzed the changes of primary minerals to constrain the minimum environmental parameters to
form clays. We observed that under acidic aqueous solution (pH ~ 3.5–5.0) and moderate temperature
(~150–175 ◦C), clinopyroxene and plagioclase are altered in smectite in just a few days, while higher
temperature appear to favor oxides formation regardless of pH. Plagioclases can also be transformed
in zeolite, commonly found in association with clays on Mars. This transformation may occur even at
very shallow depth if a magmatic source is close or hydrothermalism is triggered by meteoritic impact.

Keywords: Mars; basaltic rock; clay minerals; zeolite; terrestrial analogue; lab experiment

1. Introduction

In the last decades, the Martian mineralogy, was investigated by different instruments onboard
orbiting spacecrafts as Mars Global Surveyor (TES) (Lockheed Martin Astronautics, Denver, CO,
USA) [1,2], Mars Odyssey (Lockheed Martin Astronautics, Denver, CO, USA) [3], Mars Express
(OMEGA) (EADS Astrium Satellites, Paris, France) [4], and Mars Reconnaissance Orbiter (CRISM)
(Johns Hopkins University Applied physics laboratory, Laurel, MD, USA) [5], in situ landers (Viking
Landers and Mars Pathfinder) and rovers [6], as well as studies on the Shergottite Nakhlite and
Chassignite meteorites [7]. On the whole, these observations showed that the surface of Mars is
primarily composed of tholeiitic basalt, although some places are more silica-rich than typical basalt
and much more similar to andesitic rocks on Earth or silica glass [7]. Hyperspectral sensors in
the visible-short wave infrared regions, such as MRO-CRISM (Johns Hopkins University Applied
physics laboratory, Laurel, MD, USA) and MEX-OMEGA (EADS Astrium Satellites, Paris, France),
also showed the presence of different hydrated minerals, including clay minerals (such as kaolinite,
illite, smectite, and chlorite) evaporitic minerals such as sulfates, carbonates, chlorides, and zeolite
minerals (such as analcime, chabazite, and clinoptilolite) confirming that the Martian basaltic crust has
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undergone different alteration processes (i.e., weathering, hydrothermal alteration) [8–11]. In particular,
clay minerals and zeolites, having the capability of accommodating water and organic molecules in
their crystalline structure, have important implication on the potential microbial habitability of the
Martian surface. These minerals are mainly located at the mid-latitudes in the older terrains of Mars,
spanning from early Noachian to middle Hesperian (from 4.1 to 3.3 Ga) in age (e.g., [8,10]), but we
cannot rule out that they may be associated to younger deposits locally.

Zeolite was observed in dust and soils on Mars [8,10,12] in crater floor and central structures
often associated to Fe–Mg phyllosilicates, such as smectites, as observed in Nili Fossae and Valles
Marineris (e.g., [13]). This association suggest hydrothermal activities before/after the impact or
diagenesis [11,14,15]. Clay minerals have been observed also in situ, by the NASA Spirit and Curiosity
rover at the Gusev and Gale craters landing sites [6,8,16,17]. In particular, Curiosity rover, identified up
to 28% smectite in places in fluvio-lacustrine mudstones at the Gale crater landing site [7]. These minerals
may form through processes occurring in analogies with the Earth, such as chemical weathering,
or hydrothermal alteration (volcanic or impact-induced), diagenesis or metamorphism (e.g., [18–21]).
These processes may act simultaneously or alternatively, thus preventing a clear identification of
different overlapping events.

Although alteration processes are reasonably faster on the Earth than Mars, due to terrestrial
humid and warm climate conditions, the chemical weathering measured from Martian meteorites
ranges from 1 to 4 order of magnitude slower than the slowest rates on the Earth [22]. Furthermore,
the last chemical weathering processes may have occurred in the late Amazonian age (227–56 Ma)
indicating the availability of liquid water on the Martian surface or shallow subsurface [23].

The formation of clays by weathering processes depends on different physico-chemical variables,
such as the pH of fluid and liquid solutions, the nature of “starting” material (parent material), time of
rock-water interaction, temperature, rainfall rates, drainage conditions [21].

The occurrence of weathering processes in acidic conditions potentially operating on Mars have
been proposed in several studies, by either experimental works or theoretical modelling (e.g., [24–27]).
Many of these studies are mostly focused on the formation of sulfate from the alteration of basaltic
materials and just a few took into account clays and zeolite formation under acidic weathering of
volcanic substrates (e.g., [28–32]). Moreover, they do not consider the fresh bulk rock as starting material
but the basaltic glass or the synthesis of Martian simulant mixed with acidic sulfate solutions or CO2

used as catalyst to promote the formation of clays and zeolites as alteration products (e.g., [13,33–38]).
The use of volcanic glass facilitates the alteration process as it is an amorphous, thermodynamically
unstable material, which reacts more quickly to chemical alteration [39,40]. Furthermore, the volcanic
glass reaction requires low energy of activation.

The main goal of this work is to better understand and constrain the conditions required for the
formation of clay minerals as alteration of volcanic bedrocks on Mars, using laboratory experiments
carried out on terrestrial analogues. We reproduced experimentally at lab scale the alteration of a fresh
alkaline basaltic rock collected at Etna Mount. We selected Etna Mount as a Martian analogue for the
following reasons: (i) the basalts are compositionally similar to those identified in different areas of the
Martian surface [41]; (ii) the volcanic morphologies such as basaltic channels, caves and lava tubes are
widely exposed on the Etna active volcano and are very similar to those observed on Mars [42,43].

The novelty of this work is to experimentally simulate the alteration considering a powdered bulk
composition of the fresh holocrystalline Etnean basalt as starting material and without acidic sulphates
solution as catalyst, but simply mixing the basaltic fresh bulk powder with an acidic aqueous solution
of HCl at pH 5.0 and 3.5, after exposure at low to moderate temperature, between 80 ◦C and 250 ◦C
and monitor the alteration patina on single parent crystal for each stage.

The study of the alteration of mineral assemblages, produced under a different range of conditions
(i.e., pH, temperature, and time), can provide information on the reconstruction of the environmental
conditions that occurred or may still occur on Mars. This warm and humid environment is considered
as potential habitable niches in which microbial life could have been initiated and sustained.
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2. Materials and Methods

2.1. Geological Settingof the Terrestrial Analogue

The laboratory experiment was carried out on fresh (unweathered) basalt, collected in the
surrounding area of Acireale, in the southeastern side of the Etna Mount (Sicily, southern Italy),
(Figure 1a,b).
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Figure 1. (a) Location map of the sampling site (red point) (b) Basaltic rock sample (AC1R2) collected
near Acireale and used in the experiment.

The Etna Mount is a large active stratovolcano, 0.5 Ma old [44,45], located on the northeastern
coast of Sicily (Southern Italy) (Figure 1a), with a maximum elevation of about 3323 m a.s.l. and
influenced by warm-humid conditions typical of an upland Mediterranean climate. According to the
literature [46], the Etnean basement is made of a sedimentary succession formed of, from bottom to top:
(i) Maghrebian chain tectonic units and their Neogene sedimentary covers (Cretaceous-early Pliocene),
(ii) marly clays sands and conglomerates (early middle-Pleistocene). The volcanic rocks are mainly
composed of basaltic rocks belonging to the intermediate products of Na-alkaline basalts, hawaitic to
mugearitic in composition [47]. The basalt sample used in this study (Figure 1b) was collected from a
massive lava flow about 2 m thick. Generally, this rock exhibits a greyish color with vesicles to 2 mm
in size from aphanitic to porphyritic texture. The millimetric phenocrysts are made of plagioclase,
pyroxene, and olivine, which are well-visible to the naked eye. This rock is included in Pietracannone
formation belonging to the recent Mongibello unit, characterized by intraplate volcanism including the
effusive and explosive activity of the last 15 ka [48–51]. This unit is mainly constituted by lava flow
and minor pyroclastic fallout deposits [48] from basalt to mugearite composition and from aphyric
to highly porphyritic texture with variable amount and size of plagioclase, pyroxene, and olivine
phenocrysts [52]. Specifically, the sample rock shows an age ranged between 600 and 700 years [48].
The alkaline composition and the observable volcanic morphologies such as lava tubes and basaltic
caves occurring on the Etna Mount can promote this area as an analogue for Mars.
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2.2. Methodology

The petrography of the basalt sample was studied in thin section using a polarizing optical
microscope. The total chemical composition of the major elements (as wt% oxides) was obtained using
a Rigaku Supermini X-ray fluorescence spectrometer, with natural and synthetic standards with an
uncertainty of 0.01%.

An amount of 400 mg of rock powder (~30 µm in size) was placed into special vessels made of
Teflon and a capacity of 25 mL, and mixed with 0.8 mL of acidic aqueous solutions (at pH 3.5 and 5.0)
prepared using HCl 0.015 M.

Each vessel (Figure 2) was placed into steel reactor for hydrothermal synthesis characterized
by a speed heating of 5 ◦C/min and kept at different temperatures in a muffle furnace, as follows:
80 ◦C (15 days), 150 ◦C (for 7 and 15 days), 175 ◦C (15 days), 200 ◦C (7 days), and 250 ◦C (for 10 days),
as indicated in Table 1.

Table 1. Experimental run conditions and related alteration products after AC1R2, fresh sample.

Sample Temperature
(◦C) pH Time

Minerals
Affected by
Alteration

Alteration
Products

AC1R2
(Acireale,

Etna Mount)

80 3.5 15 days
not observed

not observed
80 5 15 days not observed

150 5 7 days

clinopyroxene
plagioclase

smectite
150 5 15 days smectite
150 3.5 7 days smectite
150 3.5 15 days smectite

175 5 15 days smectite,
analcime

175 3.5 15 days smectite,
analcime

200 3.5 7 days clinopyroxene oxides
250 5 10 days oxides

Temperature and pH conditions of the aqueous solution were chosen to accelerate the alteration
processes. The pressure was in equilibrium with the water vapor pressure at the corresponding
temperature. We conducted this experiment at sea level pressure though the pressure on Mars is very
low (6 millibars, e.g., [53]). In particular, mineralogical transformation can be considered as insensitive
to the atmospheric pressure variations between Mars and Earth surface (10−3 bar). After each treatment,
the reactors were quenched to room temperature prior to the analyses. The heated basaltic powder
was then placed on the stub, with a conductive bio-adhesive scotch in carbon and metallized using a
graphite coater (Q150 TES QUORUM, Laughton, UK). The scanning electron microscopy coupled with
energy dispersive spectroscopy (SEM-EDS), was applied to investigate the possible neoformation of
clays on the crystal surfaces and the corresponding chemical composition and morphology. A Field
Emission Scanning Electron microscope FEI QUANTA 200 (Thermo Fischer Scientific, 120 Waltham,
MA, USA), equipped with an EDS (Energy dispersive spectrometer) suite including a Si/Li crystal
detector GENESIS-4000 (EDAX Inc., Mahwah, NJ, USA) model (EDAX, Philips Electronics, Mahwah,
NJ, USA) was used. The Instrumental setup for image acquisition is as follows: 10 KeV voltage, 300 pA
probe current, and work distance of 12 mm. EDS microprobe operated at a voltage between 15 and
20 kV, working distance of 10 mm, probe of 330 mA and live time of 100 seconds. The mineralogical
variations after each heating treatment and the clay mineral formation were analyzed using X-ray
diffractometry. Ethylene-glycol solvation was used to discriminate possible expandable clay mineral
phases. Mineralogical analysis was carried out using a Rigaku MiniFlex II (Rigaku Corporation,
Akishima-shi, Tokyo, Japan) diffractometer with CuKα radiation, monochromated with a graphite
sample and operating at 30 kV and 15 mA. XRD pattern were collected in the 2θ intervals 3–60◦ for
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the powder sample and 3–15◦ for the clay minerals. Clay mineral diffraction peaks were interpreted
according to Moore and Reynolds [54]. The identification of the mineral phases was performed using
the Match! software (version 3.10.2) including the crystallography open database (COD 2020).
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Figure 2. Teflon vessel and reactor for hydrothermal synthesis used in the laboratory experiment.

3. Results

3.1. Petrography and Geochemistry of the Etnean Basalt in Comparison with Mars

Optical microscope observations of the Etnean basaltic rock (Figure 3) show a porphyric texture
composed of plagioclase, olivine, clinopyroxene, and opaque minerals set up in a holocrystalline
massive intergranular microtexture groundmass. Plagioclase are euhedral and zoned from labradorite
in the core to andesine in the rim and sometimes appear rounded and corroded. The clinopyroxene are
diopside in composition. Olivine crystals have mainly forsterite composition. As whole phenocrysts
are millimetric in size.
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Figure 3. Petrography of the Etnean basaltic bedrock (sample AC1R2, Acireale site). Phenocrysts include
plagioclase, clinopyroxene and olivine (a) observation in plane-polarized light (b) observation
with crossed polarizers. Isotropic intergranular microtexure of the groundmass observations (c) in
plane-polarized light (d) and with crossed polarizers. Pl = plagioclase; Ol = Oivine; Cpx = clinopyroxene.
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The groundmass consists of small plagioclase, olivine, clinopyroxene, and opaque oxides crystals.
Some glomeroporphyres made of plagioclase, olivine, and clinopyroxenes with ipidiomorphic textures
can be observed dispersed in the basaltic groundmass.

The geochemistry of the sample used in this study was compared with some Martian rocks
analyzed in Gale and Gusev craters landing sites on Mars as listed in Table 2. According to TAS
classification diagram our sample shows a trachy-basaltic composition with an alkaline affinity
(Figure 4). The TAS diagram in Figure 4 also shows the composition of Martian rocks, as derived
from in situ investigations the NASA rovers Pathfinder, Spirit, Opportunity, and Curiosity and Orbiter
observations from the Thermal Emission Spectrometer (TES) onboard of Mars Global Surveyor mission,
as well as studies on Martian meteorites (SNC type).

Table 2. Chemical composition of major elements (wt%) of sample AC1R2 obtained using X-ray
fluorescence and comparison with the Blackstay [54] and the Thimble basalt [55] chemical composition
acquired in Gusev and Gale craters landing sites on Mars using Alpha particle X-ray spectrometer
(APXS) (Jet Propulsor Laboratory, Pasadena, CA, USA) and ChemCham (Lockheed Martin Astronautics
and Jet Propulsor Laboratory, USA) instrument, respectively. LOI: loss on ignition.

Major Elements
Earth Mars

ACIR2 Basalt
(Moint Etna)

Backstay Basalt
(Gusev Crater)

Thimble Basalt
(Gale Crater)

SiO2 (wt%) 49.07 49.50 48.79
Al2O3 19.20 13.30 14.50
MgO 3.82 8.31 4.70
Fe2O3 9.76 19.5 19.08
CaO 10.13 6.04 5.38

Na2O 4.10 4.15 4.52
K2O 1.67 1.07 1.68
P2O5 0.54 1.39 not determined
TiO2 1.52 0.93 1.23
MnO 0.17 0.24 not determined
LOI 0.53 not determined not determined
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Figure 4. Total Alkali Silica diagram (TAS) showing the chemical composition of the Etna sample (black
star) in comparison with composition of the Martian rocks so far estimated, from rover, orbiter and
meteorite analyses as summarized by [7,55,56]. Thermal Emission Spectrometer (TES) is related to
the measurements of rocks and soils on Mars carried out using the Thermal Emission Spectrometer
onboard Mars Global Surveyor orbiter.
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3.2. Experimental Alteration

At the SEM-EDS observation, plagioclase, clinopyroxene, olivine, and small amounts of magnetite
and ilmenite in fresh rock sample show smooth surfaces, with features of physical breakage, likely caused
by the mechanical crushing occurred during the sample preparation (Figure 5a). Table 1 lists the results,
in terms of neo-formed minerals, for each experimental run. At SEM-EDS observation, the powder
heated at 80 ◦C for 15 days, in acidic solutions at 3.5 and 5.0 pH, only showed mechanical breakage
features on the grain surface of clinopyroxene, plagioclase and olivine (Figure 5b). Neither dissolution
or neogenic products have been observed.

The heating treatment at temperature of 150 ◦C and acidic solution at pH 5.0 and 3.5, after 7 and
15 days produced the early formation of thin alteration coatings. The same result is also observed
at 175 ◦C and pH 5.0. After these treatments, the alteration coatings were better developed on
the clinopyroxene crystal surfaces than plagioclase grains (Figure 5c,d). They generally exhibited a
“honeycomb” morphology, which became clearer with increasing temperature and acidic conditions.
This was confirmed by the experimental run at 175 ◦C and extremely acidic pH conditions at 3.5,
after seven days, which produced a coating entirely covering the clinopyroxene grains (Figure 5g) and
an increase of the alteration films on the plagioclase surfaces. A change in color from gray to red of the
basaltic powder was also macroscopically observed at the end of this experimental run. The red color
was induced by the early growth of iron oxy-hydroxides on the crystal grains, which were not well
visible due to their very small size. These oxy-hydroxides are well observed after the experiments at
200 ◦C and 250 ◦C showing the growth of Fe-Ti oxide grains with relatively low contents in Mn and Ti
(not exceeding 2 wt%) on clinopyroxene. These chemical data indicate the crystallization of ilmenite
with a minor pyrophanitic component. In Table 3 we report in situ EDS compositional analysis for the
clinopyroxene and for the coatings developed on it, at the end of heating treatments at 150 ◦C and
175 ◦C.

As a result, EDS analyses cannot unambiguously resolve the occurrence of neo-formed minerals,
which are otherwise very well shown at the morphological observation with SEM magnification.
Nevertheless, the increase of Al, Mg, Fe, and Na in the coatings at the expense of Si and Ca may suggest
the occurrence of an alteration process of the parent crystals.

XRD analyses of powders after heating treatments at 175 ◦C and pH 5 and 3.5 of the solutions,
show the mineralogical transformation with the appearance and persistence of diffraction peaks around
5.61 Å and 5.13 Å, typical of zeolite minerals such as analcime (Figure 6a). In addition, the same
powder heated at 175 ◦C in the more acidic solution at pH 3.5 shows a very weak basal reflection
around 14 Å, which shifted to 17 Å after ethylene glycol solvation (Figure 6b), thus suggesting the
neo-formation of smectite, in accordance with the honeycomb morphology observed using SEM.

Table 3. Mean values of the major elements (wt%) of clinopyroxene phenocrysts in comparison with
the patina of alteration developed on it, as obtained using the EDS analysis.

Major Elements Phenocryst of Clinapyroxene Patina of Alteration

SiO2 (wt%) 52.46 42.39
Al2O3 5.63 6.42
MgO 14.86 17.17
Fe2O3 7.56 17.98
CaO 17.51 13.34

Na2O 1.15 1.50
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unaltered plagioclase (b) traces of breakage fragmentation (red square) on clinopyroxene, after 80 ◦C
treatment, at pH 3.5 (back scattered image) (c) Cpx—Pl mixed grain, after 7 days heating at 150 ◦C in
5.0 pH, showing the early formation of clay coatings on both crystals (d) “honeycomb” morphology
of the clay coating developed on a clinopyroxene crystal after heating at 150 ◦C and zoom in the
red square (e) Coatings developed on a clinopyroxene crystal, after heating at 175 ◦C in the strongly
acidic condition at pH 3.5 (f) EDAX spectrum acquired in the red square area of picture (e) (g) clay
neo-formation with “honeycomb” morphology entirely covering the clinopyroxene crystal surface at
175 ◦C and pH 3.5 (h) EDS spectrum related to the red square area of picture (g) (a,c–e,g) morphological
images. Cpx = clinopyroxene; Pl = plagioclase.
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Figure 6. (a) XRD patterns of the sample powders, after different treatments. In comparison with
the unaltered sample (black line), all the heated samples show a progressively decreasing intensity
with temperature and acidity, of the diffraction peaks attributable to the main primary minerals as
plagioclase (Pl), pyroxene (Px) olivine (Ol), and titano-magnetite (Ti-Mt) and the appearance of features
diagnostic of both analcime (Anl) and smectite (Sm) (b) Zoom of the 2θ interval around 6◦ (red circle)
of the XRD pattern measured after the treatment at 175 ◦C and pH = 3.5 in the figure a showing the
appearance of a diffraction peak at 14 Å, typical of clay minerals. The expansion of this peak to 17 Å
after ethylene glycol solvation, point out the occurrence of smectite (Sm). NT = 175 ◦C, at pH 3.5
untreated; gl = ethylene glycol. All the treatments shown here have been accomplished for 15 days.

4. Discussion

4.1. Mars vs. Earth Mineralogical Analogies

So far, mineralogical investigations on Mars from remote and in situ observations of soils and dunes
fields have shown mainly a widespread basaltic composition [7,57] with diagnostic features of clay
minerals and zeolites, suggesting the occurrence of rock-fluid interaction during time. Several orbital
missions, including Mars Reconnaissance Orbiter and Mars Global Surveyor, have identified mostly
alkaline basalts at the surface of Mars [1,2,58] as well as the presence of olivine, pyroxene, and plagioclase.
This has been confirmed by in situ measurements of the Viking, Mars Pathfinder, and Curiosity landers
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and rovers [59,60], as well as studies on the SNC meteorites [7,8]. Therefore, the basalt sample collected
in the Acireale area (Etna Mount) composed of plagioclase, clinopyroxene and olivine with an alkaline
geochemical affinity, suggests that it can be considered as a good analogue of the Martian crust
(Figure 4). Specifically, this rock shows good analogy in terms of bulk geochemistry with the Backstay
and the Thimble trachy-basaltic rocks analyzed in the Gusev and Gale craters landing sites by the
rovers, as showed in Table 3.

On Mars, in addition to the alkaline basalts, tholeitic basalts very similar in composition of bulk
rock and alteration phases (as clays and zeolites) to alkaline rocks, were also detected (e.g., [32,38]).
In particular, the literature of the experimental alteration of tholeiitic basalts, focuses on the glass
(e.g., [32,38]), representing a thermodynamically unstable phase, which reacts very quickly to chemical
alteration. Our experimental data obtained from the alteration of alkaline basaltic rock show a good
agreement between the mineralogical phases produced from the alteration of crystal grains and glass.
Nevertheless, the main difference involves the volumetric abundance of alteration products, which is
larger on the glass than crystals, such as clinopyroxene and plagioclase. Phyllosilicates and zeolites
observed with CRISM (Johns Hopkins University Applied physics laboratory, Laurel, MD, USA)
and OMEGA (EADS Astrium Satellites, Paris, France) imaging spectrometers in different regions on
Mars [8–10] include several clay minerals such as chlorite, vermiculite, allophane (poorly crystalline
clay) serpentine, and some phyllosilicates belonging to the smectite group, such as saponite and
nontronite, as well as different types of zeolite such as analcime, chabazite, and clinoptilolite. On Earth,
these clays are typical weathering products of feldspars and/or pyroxene and vermiculite may also
derive from K-mica and chlorite (e.g., [61–63]). Kaolinite, halloysite and allophanic components are
usually promoted by the weathering and pedogenic processes in volcanic environments in humid
climate but well-drained soil moisture conditions (e.g., [64–66]), and are often related to the alteration
of basaltic volcanic glass in aqueous solutions [67]. Nevertheless, the alteration of volcanic glass to
clay minerals has been investigated also in hydrothermal contexts [68,69]. Hydrothermal processes
involving volcanic glass mainly produce the following trend of alteration: glass→ imogolite-like→
allophanes→ halloysite→ kaolinite, according to observations in soils developed in different sectors
of Etna (e.g., [67,70]). However, phyllosilicates and poorly crystalline clays, may often represent the
products of hydrothermal alteration. Allophane forms on the surface of volcanic glass during the
earliest stages of alteration, often followed by smectite (e.g., [71]). The latter is typical of volcanic
environments (e.g., [72,73]) and overall low temperatures commonly < 200 ◦C, also favorable to
halloysite and kaolinite [20] whereas the serpentine (chrysotile-lizardite) is a typical hydrothermal
alteration product of olivine [74]. The analcime is a typical hydrothermal alteration product after glass
in volcanic materials at temperatures between 150 ◦C and 200 ◦C under acidic pH conditions [28,75].
Obviously, the main alteration products are also controlled by the alkaline or acidic conditions,
along with the availability and relative abundance of alkalis and alkaline earths against hydrogen
ions [20]. The contents of Si and Al, all sourced by the parent rock or the circulating fluids, may also
have played a role. Our experimental design was also performed taking into account the hydrothermal
settings present in different active volcanoes (e.g., [76–80]).

4.2. Insight into Alteration Processes from the Experimental Data

Several previous studied provide information on conditions of alteration processes on volcanic
rocks leading to the formation of clay minerals and zeolites, and constraints for different physical
parameters as temperature and pH. This literature mainly focuses on the alteration of glass as starting
material [8,13,34–39,71]. The laboratory experiments performed on the Etnean basalt point out an
increase of the alteration degree with increasing temperature and acidic pH of the aqueous solution
considering the bulk composition of the fresh holocrystalline basaltic rocks. Nevertheless, our show a
simultaneously reaction of the glass and crystal. We showed that the temperature and pH influence
the kinetics of the chemical reaction rather than time and pressure which is too low for triggering
the mineralogical transformation. These alteration processes led to the development of coatings with



Minerals 2020, 10, 1082 11 of 19

“honeycomb” morphology, which are more developed on the crystal grains of clinopyroxene than
plagioclase. On the other hand, the olivine crystal transformation at relatively low temperature
produce the growth of serpentine and minor magnetite in good agreement with the literature (e.g., [75]).
The temperature which induced effective chemical and morphological changes was between 150 ◦C
and 175 ◦C.

On the whole, the chemical data showed a cations mobilization of MgO, Fe2O3, Al2O3, CaO,
and Na2O during the alteration process mainly on the clinopyroxene crystal as observed in Figure 7.
Specifically, this data show an increase of Al2O3, MgO, Fe2O3, and Na2O contents from the clinopyroxene
crystal (Figure 7a,c,e,g) to the patina developed on it (Figure 7b,d,f,h). This behavior, together with the
honeycomb morphology of coatings (Figure 5c,d,g), is consistent with the formation of expandable
clay minerals such as smectite. In particular, the increase of MgO and Fe2O3 in the patina (Figure 7b) is
in line with the formation of smectite mineral such as Fe–Mg saponite. The formation of this clay is
also well observed on the coating developed at 175 ◦C and pH 3.5 as shown in Figure 5h. The decrease
of CaO (Figure 7f) in the patina in some cases in association with a decrement of MgO and Al2O3

and an increment of Fe2O3, suggests the formation of Oxy-hydroxides likely ilmenite. Furthermore,
low concentrations of K2O (Figure 5h) also indicate the presence of illite, likely interstratified with
the dominant expandable clay minerals, which usually form at intermediate to low temperatures [20].
However, it was often very difficult to separate the effective composition of the mineral grains from
the related clay coatings, due to the very thin thickness of the latter. These experiments provide further
insights into the understanding of the process of formation of alteration clay coatings on minerals.
Particularly the experimental setup with increasing temperature conditions mimics hydrothermal
alteration processes with temperature between 150 ◦C and 175 ◦C and acidic solutions with pH ranged
between 5 and 3.5, leading to the formation of clay minerals, such as Fe–Mg saponite.

The formation of smectite is also in accordance with the honeycomb morphology and X-ray
diffraction analyses, which shows a decrease in the intensity of the diffraction peaks diagnostic
of pyroxenes and plagioclases with respect to the untreated material (Figure 6a). Furthermore,
the appearance of the smectite diffraction peak is well observed (Figure 6b) in our sample. At the
same temperature conditions also the presence of a zeolite mineral such as analcime, can be observed
according to the experimental results from other authors e.g., [28,71]. The formation of analcime
is probably related to the alteration of plagioclase as showed in Figure 8 where the amount of
Na2O and Al2O3 exhibit an increase from the crystal grain (Figure 8a) to the patina (Figure 8b).
This alteration process probably occurs on the small size plagioclase included in the groundmass,
since no morphological evidence of analcime on the phenochrysts to the SEM microscope was observed.

On Mars, analcime was observed in the deposits around the central peaks of impact craters
located in Nili Fossae and Isidis Planitia, often in association with Fe/Mg phyllosilicates (i.e., smectite),
thus suggesting a post-impact hydrothermal alteration [15]. Previous experimental alterations of
tholeiitic glass in aqueous environment, with variable CO2 concentrations [13] reproduced this
association, showing that a decrease of CO2 content, reduces the smectite amount more efficiently than
the zeolite, which prevails in alkaline pH > 8.2 [13].

As already mentioned in the previous paragraphs, the presence of smectite in different regions
on Mars has been widely observed using orbiter and in situ data (e.g., [8,17,81]). Therefore, it is
reasonable that some processes of alteration of the original basalt due to warm and acid fluids could
have leads to the formation of smectite on Mars, similarly to our Etnean sample under experimental
conditions Different studies simulate the formation of smectite from alteration of volcanic glass sand
simulants mixed with acid sulfate solutions or CO2 [33–38] In this respect, the experimental conditions
(temperature and pH) used in our study mimic a hydrothermal alteration process with formation of
smectite. The formation of smectite in hydrothermal environments is plausible on Mars, since evidence
of hydrothermal activity has been widely observed in Gusev crater, such as soils likely formed as
fumarole or oxidative alteration of Fe/sulphates deposits [82].
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Figure 7. The scatter pot show the cation mobilization of MgO, Fe2O3, Al2O3, CaO, and Na2O from
the crystal to the patina developed on it, during the alteration process on the clinopyroxene grains
at temperature of 150 ◦C and 175 ◦C and pH 5 and 3.5, respectively. (a,c,e,g) Diagrams showing the
composition of clinopyroxene crystals where the absence and the incipient formation of the patina
respectively occur (b,d,f,h) Scatter plot showing the mobilization of the chemical elements in the patina
developed on clinopyroxenes. The chemical elements indicate a clear increase of (d) Fe2O3 and Al2O3,
coupled in more cases with (b) which indicates the formation of smectite as Fe–Mg saponite.
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Figure 8. Diagrams show the cations mobilization of Na2O and Al2O3, from the crystal to the patina
developed during the alteration process affecting the plagioclase grains at temperature of 150 ◦C and
175 ◦C and pH 5 and 3.5, respectively. (a) Diagrams showing the composition of the plagioclase.
(b) B-plot showing clear increase of Na2O and Al2O3 in the patina developed on plagioclase.

Although our experimental setup favor the hydrothermal alteration as responsible for the formation
of the smectite clay, also the role of chemical weathering also suggested in different regions on Mars
cannot be excluded (e.g., [8,16,17,81,83]). Several studies proposed geomorphological evidence based on
numerous and well-preserved valley networks and channels, and many impact craters that show deltas,
lakes and sedimentary layers (e.g., [81,84,85]), coupled with a hydrated mineralogy, which suggest an
ancient water–rock interaction (e.g., [8]), which may have contributed to the neogenesis of smectite
under environmental meteoric conditions. Specifically, the chemical weathering processes in the Gale
and Gusev craters on Mars where the alkaline basalts outcrop, induced the formation of smectite in
analogies with the Etna basaltic sample (see Section 3.1) [16,83,86,87]. Nevertheless, simulation of the
weathering processes requires longer time ranges of exposure of the basalt parent rock to fluid–rock
interaction, as normally happens in terrestrial conditions. Therefore, in the laboratory high temperature
is required to speed up the weathering reactions, since lower temperatures require longer timescales
to appreciate the effects of chemical and mineralogical transformations. Moreover, acidic aqueous
solutions (pH between 3.5 and 5) provide H+ ions which accelerate the chemical exchange in the
reactions, thus triggering the alteration processes. Although weathering processes are reasonably fast
under the Mediterranean climate, and in particular the temperate to warm and humid climate typical
of Mount Etna, also slightly acidic conditions induced by the decomposition of the organic matter may
accelerate these processes, as observed in many other environments [88]. Similar pH values of the
solutions used for our experiment were measured in a volcano-sedimentary complex of the Rio Tinto
River (Spain) subjected to an intense hydrothermal mineralization. There, the acidic water related
to a high amount of biomass, increased the weathering rate, and forms several clay minerals such as
smectite, illite, and kaolinite [89]. In that area, smectite was promoted in a volcanoclastic andesite and
sedimentary fluvial and lacustrine deposits [89]. Moreover, geothermal systems in active volcanoes as
hot springs, and mud pools also produce sulphates, which can provide similar temperature and acidic
conditions (pH ≤ 5) to our experimental setup used for the Etnean sample [77–80]. In particular, the
formation of smectite which preserves a microbial signature is well observed in hydrothermal systems
of hot springs [76,90]. Caves and lava tubes represent other environments where the preservation of
microbial biosignatures, or traces of life, in mineral deposits also occur [43].

In comparison with Mars the formation of smectite minerals was also well investigated in
the Columbia Hills at the Gusev crater, where the morphological and mineralogical evidence of
hydrothermal alteration are well exposed [91,92]. The smectite observed include saponite [93,94] which
is a typical product of the hydrothermal alteration in line with the smectite formed in our experiment.
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Alteration processes on Mars obviously required a longer time considering the plate tectonic
absence and the actual cold and dry climate with low temperature at the surface, ranging from 140 and
310 K [95]. Alteration processes under acidic conditions on Mars leading to clay mineral formation
are supported by different authors (e.g., [30,32,96,97]) invoking extremely to slightly acidic pH of
fluids. The potential source of acidity could have been the volcanic activity, which induced the
release of high contents of CO2 and SO2 in the atmosphere thus producing the condensation of water
vapor and acid gases that interact with the basaltic bedrock and produced alteration minerals [98].
These acidic conditions were likely superimposed to warm and humid conditions, according to Halevy
and Head [99], similarly to what we observe today on Mount Etna. The presence of hydrogen peroxide,
which is a strong oxidant agent, and widely detected in the present-day Martian atmosphere [100]
could have been a further source of acidity.

5. Conclusions

We performed a laboratory experiment on the fresh holocrystalline alkaline basaltic rock collected
on Mount Etna to better understand and constrain the conditions required for the formation of clay
minerals on Mars. This analogue shows a good similarity with the basaltic rocks outcropping in
the Gale and Gusev landing sites in terms of bulk mineralogy, chemistry. Laboratory experiments
carried out on the bulk of the holocrystalline fresh basaltic powder, under different conditions of
acidity of fluids water (pH of 5 and 3.5), temperature (between 80 ◦C and 250 ◦C) and time (between
7 and 15 days), promoted the formation of clay minerals as coatings on the parent crystal and
zeolites in a few days. In particular, the heating of acid aqueous solutions up to temperature between
150 ◦C and 175 ◦C produced the formation of coatings with “honeycomb” morphology typical of
smectite (as Fe–Mg saponite) on the surface of clinopyroxene and plagioclase crystals, just in a few
days. The cations mobilization from the crystal to the patina indicates the development of coatings
faster and more efficient on clinopyroxene than plagioclase where the formation of analcime (zeolite)
occurs. Furthermore, temperature above 175 ◦C seems to favor the formation of oxides rather than
clays, regardless the pH. The results of our work suggest that on Mars, environmental conditions to
produce clays can be reached in a limited range of T and pH with acidic fluids (probably deriving
from the volcanic activity in a warm and humid climate or by oxidation of the groundwater on the
surface), and the alteration of the basaltic bedrock can occur at shallow depth if a source of heat
(volcanic or impact) is close enough to reach the optimum temperature range. Finally, this work
demonstrates that the basaltic rocks of Etna can be considered as a good Martian analogue to model
the weathering processes.
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